Background
==========

Apparently natural β-sheet proteins seem to avoid aggregation by disfavouring solvent exposed sequences that could drive intermolecular aggregation \[[@B1]\]. In fact, most of the natural proteins forming fibrillar aggregates are related to a range of human metabolic disorders \[[@B2]\]. Among the aggregation processes, the amyloidosis is a group of protein misfolding disorders characterized by the formation of fibrils \[[@B2]\]. Although most of these processes have been described in humans, other organisms also present examples of proteins forming amyloid fibrils, such as monellin from higher plants \[[@B3],[@B4]\]. However, the physiological relevance of the aggregation processes remains obscure. A number of these amyloid forming proteins are involved in copper homeostasis, and oxidative damage induced by copper may play a role in the pathogenesis of neurodegenerative conditions. β-amyloid (Aβ), implicated in the pathogenesis of Alzheimer\'s disease, forms an oligomeric complex that binds Cu^2+^with very high affinity forming an allosterically cooperative Cu^2+^-coordination site that resembles superoxide dismutase 1 (SOD) \[[@B5]\]. Aggregation of SOD has also been related to familial amyotrophic lateral sclerosis (ALS) \[[@B6]\] and copper-bound prion protein (PrP) \[[@B7],[@B8]\] shows superoxide dismutase activity \[[@B9]\].

The present study describes the amyloidosis properties of the C-terminal domain of the *Arabidopsis thaliana*copper metallochaperone CCH, which is a functional homologue of the cytosolic metallochaperone antioxidant 1 (Atx1) \[[@B10]\] from the yeast *Saccharomyces cerevisiae.*Atx1 delivers copper to transporters at a post-Golgi compartment to load the ion at cuproproteins in the secretory pathway \[[@B11],[@B12]\]. CCH has been found in plant vascular tissues where its concentration increases greatly during senescence \[[@B13]\] and it is mainly located in cells that lack their nuclei and therefore they could be unable of DNA transcription or translation. Consequently, CCH should be transported from neighbour cells through plasmodesmata, being the only metallochaperone reported to date that could leave the cell where it is synthesised \[[@B13]\]. CCH (121 residues) has two different domains with independent folding pathways \[[@B14]\]. The conserved N-terminal domain (amino acids 1--68, referred herein as the N-domain) contains the copper-binding motif MXCXXC that retains both, the overall \"open-faced β-sandwich\" fold and the copper chaperone and antioxidant properties described for the yeast Atx1 \[[@B14]\]. The C-terminal domain (amino acids 69--121, the C-domain), is absent in all the identified non-plant metallochaperones \[[@B10]\], displayed altered SDS/PAGE mobility and it adopts an extended (beta) conformation in solution and in the presence of anionic detergents. Thus, we have postulated that the CCH extra C-domain participates in this plant-exclusive copper transport mechanism. The C-domain has structural features that could favour the adoption of an extended structure in β-sheet conformation. It is characterized by two repeats (Fig. [1](#F1){ref-type="fig"}) that have a binary structural periodicity of polar/non polar amino acids along the sequence with potential to adopt β-sheet structures that self-assembled into large oligomers \[[@B15],[@B16]\]. In this report we have addressed the structural characterization of the C-domain. The conformational behaviour of the molecule in solution is complex and implies the adoption of mixed conformations in different environments. In an increasing number of proteins, the understanding of the folding mechanism could be addressed by means of the analysis of short polypeptide segments \[[@B17]-[@B20]\]. Thus a fruitful approach to investigate the autonomous folding and function of protein subdomains is the design and structural characterization of simplified peptide models that could reproduce the molecular characteristics of the whole protein domain. In the present study, we have selected the peptide, K^90^TEAETKTEAKVDAKADVE^108^derived from the C-domain of CCH, since it contains a segment of alternating hydrophobic and hydrophilic residues and a striking overall charge distribution (Fig. [1](#F1){ref-type="fig"}). The peptide adopts an extended conformation in solution with a high content in β-sheet structure that induces a pH-dependent fibril formation. Freeze drying electron microscopy studies revealed the existence of well ordered amyloid-like fibrils in preparations from both the C-domain and its derivative peptide. The results showed that polypeptides containing complementary charges promote fibril formation, not only in *de novo*designed peptides \[[@B21],[@B22]\] but also in polypeptides derived from natural existing proteins. Furthermore, the relevance of the self-assembly properties of the C-domain of CCH is discussed in the context of plasmodesmata trafficking through microtubules and other putative functions related to the role of its ortologues.

![**Representation of the C-domain of the CCH protein and related synthetic peptides.(A).**Amino acid sequence (one letter code) of the C-domain (residues 69--121) of CCH. The sequence shows relative alternating periodicity of nonpolar (●) and polar (○) amino acids. The stretch of \'h\' indicates the putative α-helix predicted by secondary-structure algorithms. The bars denote the location of the two 16-residue repeats of binary structural periodicity of polar/non polar amino acids. **(B).**Such a motif was used to design the synthetic peptide-**1**. The amino acid sequence of peptide-**1**is arranged into an α-helix **(C)**and into a β-sheet conformation **(D).**Positively and negatively charged amino acids are in blue and red, respectively and hydrophobic amino acids are bold cycled.](1472-6807-4-7-1){#F1}

Results
=======

The recombinant C-domain of CCH, expressed and purified from *Escherichia coli*, has been shown to have an altered electrophoretic mobility in SDS-PAGE and its preliminary structural characterization suggested that it could adopt an extended β-sheet structure in solution at neutral pH \[[@B14]\]. The amino acid sequence of the C-domain is characterized by the presence of two segments of binary structural periodicity of polar/non polar amino acids (Fig. [1A](#F1){ref-type="fig"}). Provided that 22 out of 30 polar residues are Asp, Glu and Lys, the conformational behaviour of the C-domain could be influenced by ionic self-complementarity that has been early described as a property that confers multifaceted behaviour in model peptides and that could induce fibril formation \[[@B22]\]. In fact the polypeptide that defines the C-domain showed a complex behaviour in solution with the coexistence of monomeric and large oligomeric conformations. The presence in salt-free aqueous solution of large fibril-like aggregates was demonstrated by freeze fixation, freeze drying transmission electron microscopy imaging (TEM) (Fig. [2](#F2){ref-type="fig"}). A recombinant C-domain polypeptide solution was prepared and divided in four fractions adjusted with HCl or NaOH at different pH values. At pH 7 and 9 the fibrils are long and unbranched while at pH 3 and 5 they showed irregular shapes. As previously mentioned, the recombinant CCH C-domain has been shown to present an altered mobility in SDS-PAGE gels \[[@B14]\]. Electrophoretic mobilities on SDS-PAGE uncorrelated to protein molecular masses, have been described as a result of intrinsic net charge, SDS-induced protein conformation and/or SDS-resistant oligomerization \[[@B23]-[@B26]\]. We first examined the aggregation state of recombinant CCH C-domain by sedimentation equilibrium at three different protein concentrations in 50 mM Tris-HCl buffer pH 8.0 containing 0.2 M NaCl that precludes the oligomerization of the polypeptide induced by ionic self-complementarity (Fig. [3A](#F3){ref-type="fig"}). Three data sets were fit simultaneously to a single species model, with molecular weight as a global fitting parameter. The experimental molecular weight obtained was 4910 ± 140 Da, which fits well to the expected value of 4936.5 Da derived from the amino acid sequence of the C-domain. However, these results differ from the molecular weight obtained in SDS-PAGE for the recombinant C-domain \[[@B14]\]. Since SDS has been described as a membrane mimetic agent prone to induce peptide conformational changes \[[@B27]\] that in turn can modify protein-protein interactions, it is possible that SDS could orchestrate conformational changes leading to oligomerization. Therefore, we performed analytical ultracentrifugation in the presence of SDS at submicellar concentrations (1 mM), like in the SDS-PAGE experiment. The sedimentation profile of the recombinant C-domain in these conditions (black squares in Fig [3B](#F3){ref-type="fig"}) did not fit well to a model representing a single species model (not shown). Then we fit the data to a two state equilibrium model (i.e., monomer ↔ *n*-mer) where the aggregation number (*n*) and the equilibrium dissociation constant are the global fitting parameters, and the monomer molecular weight (4936.5 Da) is held constant (solid line in Fig [3B](#F3){ref-type="fig"}). The result obtained was *n*= 7.3 ± 0.2, and the equilibrium dissociation constant value suggested the presence of significant amounts of both, monomers and oligomers in the sample. This model, however, must be considered only as an approximation to a more realistic model in which the monomers and oligomers would associate with SDS molecules. No further attempt was made to fit the data to a more complex equilibrium model due to the uncertainty in the stoichiometry of the protein-SDS interaction, and the fact that the C-domain and SDS have different partial specific volumes (0.7404 mL/mg calculated for the C-domain, and 0.859 mL/mg for SDS below critical micelle concentration -- \[[@B28]\]). From these results and those obtained in TEM, SDS-PAGE and CD, it could be concluded that the C-domain of CCH protein has tendency to form oligomers in different experimental conditions.

![**TEM images.**TEM images of the replicas obtained after freeze-fixation and freeze-drying of an aqueous solution of recombinant C-domain at different pHs. (Bar = 0.2 μm).](1472-6807-4-7-2){#F2}

![**Sedimentation equilibrium analysis of the C-domain.(A).**Sedimentation equilibrium of recombinant C-domain at 50000 rpm. Equilibrium *A*~280~-radius profiles for three different cell compartments, each one containing the protein at different concentrations. The lines are the best (global) fit to a single species model. The residuals of the fit are shown in the three upper panels.**(B).**Sedimentation equilibrium analysis of the C-domain in the presence of 1 mM SDS. The sample was run at 45000 rpm. The line represents the best fit to a two state equilibrium model. The residuals of the fit are shown in the upper panel.](1472-6807-4-7-3){#F3}

Selection of a 19-mer peptide model derived from the C-domain of CCH
--------------------------------------------------------------------

Since the C-domain showed a complex conformational behaviour in solution, we looked for a simplified peptide model that could facilitate the study of the apparent secondary structure plasticity of the CCH C-domain. We have focused our attention into the sequence KTEAETKTEAKVDAKADVE (amino acids 90 to 108 -- Fig. [1A](#F1){ref-type="fig"}). Then, peptide-**1**is an N-t acetylated, C-t amidated synthetic peptide with such amino acid sequence where a tyrosine residue was placed at the N-terminal end to facilitate quantification by UV spectroscopy (Fig. [1B](#F1){ref-type="fig"}). Peptide-**1**contains a segment of alternating hydrophobic and hydrophilic residues and a striking overall charge distribution. These two properties have been early described as determinants for secondary structure plasticity \[[@B15],[@B16],[@B22]\]. In fact, this sequence was predicted to fold as an α-helix by secondary structure prediction methods using the PHD software (EMBL, Heidelberg, Germany) applied to both, to the amino acid sequence of the whole CCH and to that of the C-domain. The putative α-helix adopted by peptide-**1**would show charge segregation due to the relative orientation of positively and negatively charged residues (Fig. [1C](#F1){ref-type="fig"}). However, when the amino acid sequence of peptide-**1**is analyzed for secondary structure prediction using the program AGADIR \[[@B29]\] the predicted helical content is extremely low. Furthermore, such an amino acid sequence could be arranged into an amphipathic β-sheet conformation (Fig. [1D](#F1){ref-type="fig"}) that would expose a hydrophobic face and a highly charged hydrophilic face with three pairs Glu-Lys and one pair Asp-Lys. Then, the peptide sequence could be intra- or inter-molecularly stabilized by means of ionic self-complementarity that would facilitate the formation of a macromolecular β-pleated-sheet complex.

Conformational analysis of peptide-1
------------------------------------

Peptide-**1**(MW~teo~= 2267 Da) was analyzed by means of Tris-tricine electrophoresis and, as the C-domain did, it showed an altered electrophoretic mobility and an apparent molecular weight close to 26.6 kDa (Fig. [4A](#F4){ref-type="fig"}). Insertion of two additional alanines in the middle of the peptide-**1**sequence generates a peptide (peptide-**1**~22~-- Table [1](#T1){ref-type="table"}) that when plotted in an α-helical conformation would lost the observed charge segregation for the peptide-**1**(Fig. [1C](#F1){ref-type="fig"}). However, peptide-**1**~22~, would retain the capability to adopt an amphipathic β-sheet conformation. The altered electrophoretic mobility obtained for peptide-**1**~22~(Fig. [4A](#F4){ref-type="fig"}) suggests that the oligomerization observed for these peptides is more related to the adoption of an amphipathic β-sheet conformation than to the adoption of an α-helical conformation with charge segregation. Furthermore, shortened synthetic peptide analogues from peptide-**1**with amino acid deletions of two (peptide-**1**~18~), six (peptide-**1**~14~) and ten (peptide-**1**~10~) from the N-terminal (Table [1](#T1){ref-type="table"}) were also analysed in order to define the minimum peptide length able to drive oligomerization. Peptide-**1**~18~and peptide-**1**~14~, but not peptide-**1**~10~, showed altered electrophoretic mobility (data not shown).

![**Conformational characterisation of peptide-1.(A).**Tris-Tricine electrophoretic mobility of peptide-**1**and peptide-**1**~22~. (see Table [1](#T1){ref-type="table"} for theoretical molecular weights). Standard molecular weight markers are shown on the left. **(B).**far-UV CD spectra as a function of pH at 10°C. The concentration of peptide-**1**was 50 μM. pH values are indicated in the spectra. The insert shows the dependence with the temperature of the molar ellipticity at 198 nm from spectra acquired at pH 6.8. **(C).**^1^H NMR monodimensional spectra of peptide-**1**(50 μM) in water at different pH values.](1472-6807-4-7-4){#F4}

###### 

Amino acid sequences of synthetic peptide-1 and analogues

  Peptide     Sequence                              Mw (Da)   Altered electrophoretic mobility^a^
  ----------- ------------------------------------- --------- -------------------------------------
  **1**       Ac-YKTEAETKTEAKVDAKADVE-NH~2~         2267      YES
  **1**~22~   Ac-YKTEAETKTEA**AA**KVDAKADVE-NH~2~   2410      YES
  **1**~18~   Ac-YEAETKTEAKVDAKADVE-NH~2~           2038      YES
  **1**~14~   Ac-YKTEAKVDAKADVE-NH~2~               1608      YES
  **1**~10~   Ac-YKVDAKADVE-NH~2~                   1178      NON

^a.^Analysed by means of Tris-tricine electrophoresis (see Material and Methods section). Altered electrophoretic mobility means that the observed electrophoretic mobility is decreased when compared to the expected from the theoretical molecular weight.

The conformational behaviour of peptide-**1**in solution at different pHs was analyzed by CD and NMR spectroscopies. At neutral pH and 10°C (Fig. [4B](#F4){ref-type="fig"}), the CD spectrum of peptide-**1**is similar to that obtained for the whole C-domain and it is characterized by a strong negative ellipticity band with a minimum at 198 nm characteristic of an extended β-sheet secondary structure. As the temperature increased (from 10--70°C -- insert in Fig. [4B](#F4){ref-type="fig"}), the spectra showed less intense bands suggesting a decrease in secondary structure. At basic pH values, the negative band at 198 nm of the far-UV CD spectrum obtained at neutral pH was slightly increased (Fig. [4B](#F4){ref-type="fig"}). However, at acidic pH values, the CD analysis suggested a conformational transition towards the stabilization of a β-sheet secondary structure that produces a canonical β-sheet CD spectrum with a minimum located at 215 nm (Fig. [4B](#F4){ref-type="fig"}). ^1^H NMR monodimensional spectra of a 50 μM solution of peptide-**1**(i.e. the same concentration used in CD) were acquired in water at different pH values and an increase of dispersion of the signals in the aliphatic region was observed when the pH was changed from 2.7 to 7 (Fig. [4C](#F4){ref-type="fig"}). No major differences were observed in other regions of the spectra. In order to proceed to chemical shift assignments the NMR behaviour of peptide-**1**at higher concentrations was explored. At 3 mM in water with pH adjusted to 2.5 with HCl peptide-**1**was soluble and the complete assignment of the amide resonances was achieved by analysis of COSY and TOCSY spectra. When the pH of the 3 mM solution of peptide-**1**was raised to 4.5 a reversible transition to gel state was visible on the NMR glass tube, whereas at pH 7 the peptide aggregation was irreversible. At 1 mM pH 5.7 the complete assignment of the amide resonances was also achieved. Secondary α H chemical shift data suggest the putative presence of transient secondary structure elements although the spectra are strongly influenced by peptide conformations without significant persistent secondary structure (data not shown). These results do not correlate, apparently, with those obtained when the peptide-**1**was analysed by CD spectroscopy as a function of pH where different types of characteristic β-sheet CD spectra were obtained (Fig. [4B](#F4){ref-type="fig"}). However, as previously described by Gross et al. \[[@B30]\] in their elegant study on the aggregation of peptides derived from the bacterial cold shock protein CspB, it must be taken into account that in conventional solution NMR we detect only the low molecular weight species, whereas in CD we can also detect high molecular weight soluble aggregates with a β-sheet structure.

TFE titration of a peptide-**1**solution at pH 4.2 induced the stabilization of the β-sheet conformation (Fig. [5A](#F5){ref-type="fig"}). The CD spectra corresponding to the peptide-**1**either in the absence or in the presence of up to 20% TFE (v/v) showed an isodichroic point at 203 nm that suggested a single conformational transition. However, at TFE concentrations of 40 and 60% (v/v), the spectral characteristics denoted the presence of a mixture of α-helical and β-sheet conformations and the isodichroic point shifted to 201 nm. TFE titration of a solution of peptide-**1**in extended (beta) conformation at pH 6.8 induced the transition towards a canonical β-sheet conformation (Fig. [5B](#F5){ref-type="fig"}). Thus, at low TFE concentrations (below 20%, v/v) the CD spectra showed a negative ellipticity band at 198 nm, while when the TFE concentration was increased, the CD spectra displayed a single minimum at 215 nm characteristic of β-sheet structure (Fig. [5B](#F5){ref-type="fig"} and insert). The conformational transition of peptide-**1**was also analysed in the presence of SDS, which is considered a template that would stabilize both α-helical and β-sheet conformations depending on the intrinsic propensity of the polypeptide sequence to adopt a preferred secondary structure \[[@B31]\]. At neutral pH concentrations of SDS below 2 mM induced the stabilization of the extended (beta) structure in peptide-**1**, whereas higher SDS concentrations induced an α-helical conformation (Fig. [5C](#F5){ref-type="fig"}). At acidic pH values, it has been shown that peptide-**1**adopts a β-sheet conformation that renders CD spectra characterized by a minimum at 215 nm (Fig. [4B](#F4){ref-type="fig"}). When the influence of SDS on the conformational transition of peptide-**1**was analyzed at pH 3.2 a further increase in the characteristics that define the canonical CD spectra associated to the β-sheet conformation was obtained. In this sense, both the ellipticity at 215 nm (in absolute value) and at 198 nm increased (Fig. [5D](#F5){ref-type="fig"}).

![**Conformational characterisation of peptide-1 at 10°C in the presence of TFE and SDS(A).**Far-UV CD spectra at pH 4.2 as a function of TFE concentration. TFE induces a decrease in the molar ellipticity at 215 nm (CD spectra acquired at ■, 0 %; ▲, 10 %; Δ, 20 %; ●, 30 %; ○, 40 %, and □ 60 %, v/v, TFE concentrations). **(B).**Far-UV CD spectra at pH 6.8 at different TFE concentrations (symbols as in panel A). The insert shows the dependence with TFE concentration (v/v) of the molar ellipticity at 215 nm. **(C).**Far-UV CD spectra at pH 6.8 at different SDS concentrations (■, 0 mM; ◆, 1 mM, ◇, 2 mM; Æ, 3 mM; + 5 mM and ▼, 10 mM). **(D).**Far-UV CD spectra at pH 3.2 at different SDS concentrations (symbols as in part **C**). The concentration of peptide-**1**in all the spectra was 50 μM.](1472-6807-4-7-5){#F5}

Amyloid-like fibril formation of peptide-1
------------------------------------------

The NMR and CD data suggest that peptide-**1**can exist in solution as a complex mixture of conformations that could extend from low molecular weight and unstructured species to large oligomers with a predominant secondary structure in β-sheet. This prompted us to expand our studies by using tools able to diagnose fibril formation.

Spectroscopic binding assays of peptide-**1**at 50 μM to the diazo dye Congo red at two different pH values (Fig. [6A](#F6){ref-type="fig"}) show the typical red shift in wavelength and increase in intensity characteristic of amyloid-like fibrils \[[@B32]\]. The dye tioflavin T (ThT) is also used for the detection of amyloid fibrils \[[@B33]\]. Incubation of a peptide-**1**solution at pH 7.5 produces an increase of ThT fluorescence (Fig. [6B](#F6){ref-type="fig"}). The oligomeric state of peptide-**1**in solution was determined by analytical ultracentrifugation. At 10°C the sedimentation analysis (not shown) allowed the determinations of the Svedverg coefficients for peptide-**1**(50 μM) at pH 4.1 and pH 8, which are compatible with molecular weights between 300 and 1000 kDa. These results suggest that peptide-**1**, at neutral and acidic pH values, has a high tendency to form high molecular weight aggregates that have amyloid-like fibril characteristics.

![**Evidence for amyloid-like fibrils formed by peptide-1.(A).**Visible spectra of the Congo red dye at two different pH values (circles pH 4.2 and squares pH 7.2) in the absence (empty symbols) and in the presence (filled symbols) of 50 μM of peptide-**1**. **(B).**Thioflavin T (10 μM) emission fluorescence spectra in Tris-HCl 20 mM pH 7.2 buffer in the absence (empty squares) and in the presence of peptide-**1**at 200 μM (filled squares).](1472-6807-4-7-6){#F6}

In order to further characterise the aggregation process of peptide-**1**in solution, eight different preparations of peptide solutions were freeze-fixed and freeze-dried to preserve the aggregate structures in solution for subsequent transmission electron microscopy (TEM) imaging. Two solutions at 10 and 100 μM of peptide-**1**were prepared and divided in four fractions, being each fraction adjusted to different pH values (3, 5, 7 and 9) with HCl or NaOH. Different kinds of aggregates were observed depending on pH of the solutions. The fibrils obtained at pH 5 and 7 revealed by TEM are long and unbranched with diameters of 8 nm and up to 1000 nm length (Fig. [7](#F7){ref-type="fig"}). This fibrillar material appears similar to the protofilaments observed in other amyloidogenic systems \[[@B34],[@B35]\]. In contrast at pH 3 and 9 peptide-**1**aggregates giving irregular structures (Fig. [7](#F7){ref-type="fig"}).

![**TEM images for peptide-1.**TEM images of the replicas obtained after freeze-fixation and freeze-drying of a 100 μM aqueous solution of the peptide-**1**at different pHs.](1472-6807-4-7-7){#F7}

Discussion
==========

In previous work, we have shown that the *Arabidopsis thaliana*copper metallochaperone CCH, the functional homologue of yeast Atx1, contains an extra C-terminal domain with unusual structural properties. This domain has a folding pathway independent from the N-terminal domain and it confers to the whole CCH protein an altered electrophoretic mobility in SDS-PAGE \[[@B13]\]. In the present study, we have further characterized the CCH C-domain and delimited a peptide that accounts for most of its structural properties such as its high tendency to form oligomers. We also show that such peptide oligomerizes to form amyloid-like fibrils and that β-strand structure in solution and self-complementary attractive electrostatic interactions could be a requirement for fibrillogenesis.

The recombinant C-domain adopts an extended (beta) structure in solution at acidic, neutral and basic pH that induces the formation of fibril structures as determined by TEM. Furthermore, as demonstrated by altered electrophoretic mobility \[[@B14]\] and analytical ultracentrifugation (Fig. [3](#F3){ref-type="fig"}) the C-domain shows tendency to participate in SDS-induced oligomerization events.

A synthetic peptide (peptide-**1**-- Fig. [1](#F1){ref-type="fig"}) derived from the C-domain was selected in order to facilitate the conformational study. Peptide-**1**has most of the general sequence properties of the C-domain. It is characterised by a pattern of alternating hydrophobic and hydrophilic residues and by a striking overall charge distribution containing a 30% and 20% of negative and positively charged residues, respectively, with a pI value of 4.8 (the C-domain has 27% and 15%, respectively, with a pI value of 4.5). Furthermore, peptide-**1**showed an altered electrophoretic mobility (Fig. [4A](#F4){ref-type="fig"}). The minimal length of the peptide that confers this property is 14 amino acids, as determined by a series of deletion peptides (Table [1](#T1){ref-type="table"}). It is well known that pH changes have drastic effects on protein and peptide structures and in particular in peptides that form supramolecular structures. The β-amyloid peptide undergoes conformational change as function of pH. At pH 1.3 and 8.3, adopts a helical conformation, whereas at pH 5.4 it has a β-sheet structure \[[@B36]\]. In the same manner, the ionic self-complementary peptides developed by Zhang and Rich \[[@B21],[@B22],[@B37],[@B38]\] undergo similar structural changes. Peptide-**1,**when protonated below pH 4, has a CD spectrum characteristic of a canonical β-sheet, similar to that reported for the ionic self-complementary peptide EAK12-d (pI 4.5 -- \[[@B22]\]). The structural transition of peptide-**1**towards an extended (beta) structure takes place at about pH 5, near its pI value, with an intermediate spectrum (Fig. [4A](#F4){ref-type="fig"}). Analytical ultracentrifugation demonstrated that in the two pH-dependent conformations peptide-**1**forms large oligomers that showed to have amyloid-like properties as is the ability to bind to Congo red and thioflavin T (Fig. [6](#F6){ref-type="fig"}) and to form fibrils (Fig. [7](#F7){ref-type="fig"}). The analysis by TEM of the fibrils obtained from freeze-fixed and freeze-dried of peptide-**1**solutions at neutral pH showed a regular shape and are long, up to 1000 nm length, and unbranched. However, when the aggregates are prepared from peptide-**1**solutions at acidic pH they showed to be more irregular in shape. If the fibrils are composed of the peptide-**1**in antiparallel β-sheet conformation, their width should be 6.5 nm in close agreement with the observed average diameter of 8 nm (Fig. [7](#F7){ref-type="fig"}). Although the detailed structure of fibrils is not available at the moment, a likely model structure of the β-sheet disposition of two peptide-**1**molecules was obtained by molecular dynamics. Initially, two peptide-**1**molecules in a β-sheet conformation (see Materials and Methods section) were arbitrarily arranged in an antiparallel disposition (here we speculated that in the whole protein the presence of the N-domain will preclude a parallel disposition) with the complementary charged amino acid residues at an intermolecular distance of 4 Å (between the charged atoms -- \[[@B39]\]). During the simulation these distances were observed to keep constant, whereas the hydrophobic side chains approached each other. The resulting model is presented in Fig. [8](#F8){ref-type="fig"}. All nonpolar side chains (blue) project from one face of the β-sheet while all polar side chains (green and magenta) project from the opposing face of the sheet. There was a decrease of the total energy of the system during the simulation, being the main contribution the decrease in the van der Waals energy (data not shown).

![**Hypothetical model for peptide-1 fibril formation based on a molecular dynamics simulation.(A)**Initial structure with two units of peptide-**1**arranged in a β-antiparallel disposition. An intermolecular distance of 4 Å within the complementary charged amino acid residues (between the charged atoms) was used. **(B)**. Snapshot representative of the final part of the simulation where the energy of the system was stabilized. (Blue: hydrophobic residues, green: acidic residues; magenta: basic residues).](1472-6807-4-7-8){#F8}

The *Arabidopsis*genome possesses an ATX1 homologue in addition to the plant exclusive CCH protein. It is reasonable to assume that the ATX1 homologue would perform the function of copper delivery to the secretory pathway transporter described in yeast \[[@B11]\]. Since CCH has an exclusive C-domain, absent in the non-plant homologues and it probably reaches its location at the phloem sieve elements through plasmodesmata (the plant intercellular symplastic connections), we have postulated that the C-domain could accomplish this exclusive plant function \[[@B13]\]. Extra C-domains have been also found in other plant cuprochaperones (Mira et al., unpublished results). In order to transport copper through plasmodesmata, higher plant copper metallochaperones could have been evolved the addition of new protein domains that could facilitate the cell-to-cell export mechanism. Although the mechanistic aspects of the process are not yet solved and no consensus sequences are present in the proteins demonstrated to cross plasmodesmata, several characteristics of the CCH C-domain points to a role in that process. The C-domain and peptide-**1**, have conformational flexibility and can be induced to populate different conformations in different membrane-mimetic media like SDS and TFE (Fig. [5](#F5){ref-type="fig"}) and at different pH values (Figs. [4B](#F4){ref-type="fig"} and [5B](#F5){ref-type="fig"}). Such a conformational flexibility could be relevant to allow a protein transport through plasmodesmata which contain membranous extension of the endoplasmic reticulum \[[@B40]\]. The pH change at the phloem \[[@B41]\] could also serve to modulate the conformational steps required in the transport process. Moreover, it has been postulated that microtubules could also play a role in targeting proteins to plasmodesmata \[[@B42]\] and recently, the microtubules have been related to fibrillation processes. In fact, the formation of the neurodegenerative deposits by the fibrillar β-amyloid peptide is affected by the presence of stable microtubules \[[@B43]\] and α-synuclein, subjected to fibrillar aggregation, exploits its interaction with microtubules to address to a specific cellular location \[[@B44]\]. Recently ATX1 mammalian homologues have been shown to play a role not only in copper delivery but in intracellular trafficking of the corresponding copper ATPases \[[@B45]\]. These results uncover a complex function of cuprochaperones in membrane location of their targets. We cannot rule out the possibility of CCH playing a specific role in intracellular membrane trafficking where its C-terminal domain may have a role. In this sense, preliminary results using the two-hybrid technique indicate that the C-terminal domain of CCH modulates the interaction with the corresponding plant copper-transporting ATPases (Sancenón, V. and Peñarrubia, L., unpublished results).

Conclusions
===========

A number of proteins related with copper homeostasis have a high tendency to form fibrils. The determinants for fibril formation, as well as the possible physiological role are not fully understood. It has been postulated that a problem associated to the interaction between copper binding proteins and biological membranes is the dangerous generation of H2O2 through Cu2+ reduction, which make cells more responsive to oxidative stress \[[@B46]\]. Atx-like metallochaperones have a copper-binding motif and antioxidant properties \[[@B47],[@B48]\] related to the CCH N-domain \[[@B10]\], while the domain implicated in the fibrillation process is the C-domain. The putative reciprocal influence between these properties should be addressed in the whole protein.

Methods
=======

Expression and purification of the C-domain of CCH
--------------------------------------------------

The recombinant C-domain of CCH was expressed and purified from *Escherichia coli*DH5α cells as previously reported \[[@B14]\].

Sequence analysis
-----------------

Secondary structure predictions were determined using the PHD software (EMBL, Heidelberg, Germany) and the program AGADIR \[[@B29]\].

Peptide synthesis
-----------------

Peptides were synthesized by solid-phase multiple peptide synthesis \[[@B49]\] using Fmoc chemistry \[[@B50]\] and purified by reversed-phase high performance liquid chromatography (RP-HPLC) using a C~18~column. Analytical RP-HPLC and laser desorption time-of-flight mass spectrometry were used to determined the purity and identity of the peptides.

Circular dichroism spectroscopy
-------------------------------

All measurements were carried out on a Jasco J-810 CD spectropolarimeter, in conjunction with a Neslab RTE 110 waterbath and temperature controller. CD spectra were the average of a series of ten scans made at 0.2 nm intervals. CD spectra of the same buffer (or in the presence of trifluorethanol (TFE) or sodium dodecyl sulfate (SDS) as described in the Figure Legends) without peptide were used as baseline in all the experiments. For peptide-**1**and analogues the concentration was determined by UV spectrophotometry using ε~276,Tyr~= 1450 M^-1^cm^-1^. The concentration of the C-domain was obtained by quantitative amino acid analysis.

Analytical ultracentrifugation
------------------------------

Sedimentation equilibrium analysis of the CCH C-domain was performed using a Beckman XL-I analytical ultracentrifuge. Three solutions of the C-domain at concentrations of 0.9, 0.45 and 0.23 mg/mL were prepared in 50 mM Tris-HCl pH 8.0, containing 0.2 M NaCl and centrifugated at 50000 rpm. An additional solution of the C-domain at 0.5 mg/mL was also prepared in the presence of 1 mM SDS, and centrifuged at 45000 rpm, at 25°C. The equilibrium was determined when successive radial absorbance scans at the same speed were indistinguishable. Partial specific volumes and molecular weights were estimated for the C-domain using the software Sedinterp \[[@B51]\]. The amino acid partial specific volumes were updated using the values reported by Kharakoz \[[@B52]\]. For the C-domain the calculated values were 0.7404 mL/mg and 4936.6 Da. Solution density was estimated to be 1.00781 g/mL also using \"Sedinterp\". Data obtained by UV absorbance were analyzed by non-linear least squares curve fitting of radial concentration profiles using the Marquardt-Levenberg algorithm implemented in Igor Pro (Wavemetrics, Oswego, OR) with a user-defined function, as previously described \[[@B53]\]. Sedimentation equilibrium analysis of peptide-**1**was performed at the Analytical Ultracentrifugacion Facility, Centro de Investigaciones Biológicas, CSIC, Madrid.

NMR spectroscopy
----------------

NMR spectra were recorded using a Bruker AMX-500 (500 MHz ^1^H) NMR spectrometer. ^1^H NMR spectra were acquired using H~2~0 10% D~2~O as solvent at 298 K. The pH of the solutions was adjusted with solutions of 10 mM HCl or 10 mM NaOH.

Congo red and thioflavine T binding analysis
--------------------------------------------

For the Congo red (Merck) binding assay of fibril formation, absorption spectra of 10 μM solution of the dye at different pH values before and after addition of the peptide-**1**solution (final concentration 50 μM) were recorded in a Cintra 10 e spectrometer (GBC Sci. Equip., Australia). For the thioflavine T (Aldrich) binding assay, fluorescence emission spectra of 10 μM solution (in Tris-HCl 25 mM pH 7.2 buffer) of the dye were measured before and after addition of the peptide-**1**solution (final concentration 200 μM) on a Perkin-Elmer (Beaconsfield, UK.) LS-5B spectrofluorimeter at excitation wavelength of 440 nm. The bandwidths of excitation and emission were 5 nm.

Freeze fixation, freeze drying electron microscopy
--------------------------------------------------

Drops of recombinant C-domain or peptide-**1**solutions (see text) were deposited over uncoated coverslips. Coverslips were cryofixed by projection against a copper block cooled by liquid nitrogen (-196°C) using a cryoblock (Reicher-Jung, Leica). The frozen samples were stored at -196°C in liquid nitrogen until subsequent use. Samples were freeze-dried at -90°C and coated with platinum and carbon using a freeze-etching unit (model BAF-060, BAL-TEC, Liechtenstein). A rotatory shadowing of the exposed surface was made by evaporating 1 nm platinum-carbon at an angle of six degrees above the horizontal, followed by 10 nm of carbon evaporated at an angle of ninety degrees. The replica was separated from the coverslip by immersion in concentrated hydrofluoric acid, washed twice in distilled water and digested with 5 % sodium hydrochloride for 5 -- 10 minutes. Finally, the replicas were washed several times in distilled water, broken into small pieces and collected on Formvar-coated copper grids for electron microscopy. All electron micrographs were obtained using an electron microscope Hitachi 800 MT operating at 75 KV. Up to ten different samples were prepared by this procedure and the results were reproducible among all the samples assayed.

Molecular dynamics
------------------

The molecular dynamics simulation was carried out at 300 K during 1000 ps at pH 7 and ε = 4r using CVFF (implemented in DISCOVER_3) as force field. The torsion angles of one unit of peptide-**1**backbone were restrained to values between -180° and -60° for the φ angle and between 180° and 80° for the φ angle (typical β-sheet range in a Ramachandran plot). Two peptide-**1**molecules in an antiparallel arrangement were selected to run the molecular dynamics simulation. This arrangement of the peptide molecules allows the putative formation of a maximised number of both salt bridges and hydrogen bonds.
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